INTRODUCTION
Bacteriorhodopsin (bR), a transmembrane protein, is found in a highly ordered, two-dimensional hexagonal P3 lattice as purple patches (the so-called purple membrane [PM] ) in the cytoplasmic membrane of halophilic bacterium Halobacterium halobium (Stoeckenius and Bogomolni, 1982) . bR contains a single retinylidene chromophore bound via a protonated Schiff base to the E-NH2 group of Lys216 (Bayley et al., 1981; and absorbs maximally at 568 nm in the light-adapted form of native bR. Upon the absorption of a photon, bR undergoes a photocycle during which all-trans to 13-cis isomerization of the chromophore plus deprotonation of the Schiff base takes place and protons are pumped vectorially to the extracellular region, establishing an electrochemical gradient which drives some metabolic processes, e.g., ATP synthesis (Bogomolni et al., 1976) .
Well-washed PM binds primarily divalent cations, namely, -3-4 mol of Mg2' and -1 mol of Ca2, per mol of bR and small amounts of manganese, copper, and zinc (Chang et al., 1985) . Deionization of PM turns the membrane blue with Xmax shifting to 605 nm (Kimura et al., 1984) , and this color transition is associated with a severely altered photocycle (Kobayashi et al., 1983) . The blue membrane photocycle lacks a deprotonated blueshifted photo-intermediate analogous to M412, and it has been suggested (Mowery et al., 1979 ) that it does not pump protons. PM can be regenerated by the addition of stoichiometric amounts of divalent cations (2-3 times) or monovalent cations (200 times) to the deionized PM (Kimura et al., 1984; Chang et al., 1985 Chang et al., , 1986 . Recent studies have shown, for instance, through absorption spectroscopy (Kimura et al., 1984; Chang et al., 1985; Ariki and Lanyi, 1986) and electron spin resonance spectroscopy (Dufiach et al., 1987) that there are multiple tight binding sites for divalent cations on the PM. The involvement of metal ions in the deprotonation of the Schiff base and a-tyrosine residue during the formation of M412 have been described (Corcoran et al., 1987; Dupuis et al., 1985) . These observations have suggested a possible role for the divalent cations in the functioning of bR (Dupuis et al., 1985; Chronister and El-Sayed, 1987) , either by direct involvement in the proton-pumping mechanism or in maintaining structural integrity. However, recent studies Stoeckenius, 1987, 1988) suggest that the blue to purple transition is mediated only by protonation changes at the membrane surface and apparently argue against any direct role for the divalent cations with regard to the stabilization of bR and/or proton pumping. In this study by electron diffraction on glucose embedded single PM sheets, we investigated whether or not there are discrete divalent-cation binding sites on PM, and if so define their location in projection. Highresolution electron-diffraction data from purple membrane sheets reconstituted with Pb2+ or with Na+, whereby possible effects on the protein conformation through deionization were minimized, were compared by the calculation of a difference density map between the former and the latter to locate divalent-cation binding sites. The color transition as a function of the ion concentration for Ca2" or Mg2" and Pb2+ are strictly comparable. Also Pb2+ and Na+ were chosen so as to maximize the contribution of the difference in electron scattering potential in the two cases and hence the signal in the difference map. By establishing the validity of a Pb2+ -Na+ peak (Katre et al., 1984) in the difference Fourier map, we describe the sites of divalent cation binding on PM. The six major sites, all located on the protein, are partially occupied (0.55-0.24 Pb2+ equivalents) and establish preferential binding sites for divalent cation. This conclusion complements results from our earlier investigation based on x-ray diffraction analyses (Katre et al., 1986) .
MATERIALS AND METHODS

Materials
Purple membranes isolated from strain ET1001 of H. halobium (Oesterhelt and Stoeckenius, 1974) were provided by Prof. W. Stoeckenius (Cardiovascular Research Institute, University of California, San Francisco, CA) . The concentration of bR in PM was assayed by absorbance at 568 nm using a value of 63,000 cm-'M-1 for the extinction coefficient of light-adapted form of bR. The concentration of bR in blue membrane (BM: deionized PM) was measured using E60-60,000 cm-'M-' (Kimura et al., 1984) . Optical densities were measured on a spectrophotometer (Beckman Instruments, Inc., Fullerton, CA) equipped with a digital detection system (Gilford Instruments Laboratories, Inc., Oberlin, OH). All centrifugations were carried out in a Sorvall SS-34 rotor (DuPont Co., Wilmington, DE) at 40C. Cation-exchange resin in hydrogen form was cellex-P (Bio-Rad Laboratories, Richmond, CA). All blue membrane preparations were kept in clean plastic tubes (Applied Scientific, San Francisco, CA) as suspension in nano-pure water (18 MQl/cm restivity, pH 5.9) (Sybron/Barnstead, Boston, MA) at 40C and handled with plastic pipettes (Bio-Rad Laboratories). Any contact with glass was scrupulously avoided. Triton X-100 (Rohm and Haas Co., Philadelphia, PA), D-glucose, and the salts NaCl, PbCI2, NaH2PO4, Na2HPO4, NaCH3COO, and NaN3 were reagent grade.
Specimen preparation
To improve signal-to-noise ratio in electron diffraction patterns, we used large reconstituted PM sheets (5 ,um average diameter, _106 molecules of bR per diffraction pattern) prepared by Triton X-100 solubilization followed by detergent removal (Cherry et al., 1978) . Blue membranes generated from such PM sheets by the passage through a cation exchange resin (Kimura et al., 1984; Katre et al., 1986) 
Data acquisition
Electron diffraction patterns that showed reflections to high resolution, typically to -3.5 A, were digitized on a PDS O01OM flatbed microdensitometer (Perkin-Elmer Corp., Norwalk, CT) using an aperture and step size of 10 Mm. To reduce the area of scanning and yet have enough data points for reliable estimation of background, strips 49 pixels wide and centered on lattice rows parallel to one of the unit cell axes were scanned for reflection intensities from infinity to 3.5 A resolution and digitized. From scanning the calibration films it was found that for the "slow" Kodak 4489 films used in this study up to an optical density (OD) of 2.8 corresponding to that for the strongest reflections, the OD values were linearly related to electron exposure with a correlation coefficient >0.99. Hence no conversion factor for determining electron exposure was used and this was absorbed in the final scaling of the diffraction patterns. Smoothing of the data, accurate location of the diffraction spot centers, and calculation of the background and the backgroundcorrected intensities were carried out using a "matched filter" algorithm (Spencer and Kossiakoff, 1980) as described in Katre et al. (1984) .
Correction for twinning, tilt, and scaling
The large reconstituted PM sheets used for data collection are in general twinned, being composed of domains of bR molecules in opposite orientations and organized according to the space group P3. A scheme for the analysis of the twins, detwinning, and removal of the effects of the specimen tilt in terms of departure from exact normal to the electron beam (even a small amount of which introduces systematic errors in intensities, especially at high resolution) was developed as described in the Appendix. Nominally untilted patterns were selected visually by comparing the intensities of the symmetry mates of tilt sensitive reflections 5,0 and 7,0 whose intensities are twin independent, and 1,4 and 4,2. Systematic errors arising from specimen tilt were corrected for the 26-7 A data by using the variation of structure factor against z*, the distance along the reciprocal lattice line. For reflections from 7 to 5 A resolution a linear fit of the intensities of symmetry-related reflections to z* was applied to determine the tilt contribution. The symmetry, Friedel, and triplet residuals RS, RF, and RT, respectively, for a diffraction pattern were calculated as,
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(1) The extracted diffraction amplitudes after correcting for twinning and tilt were sixfold symmetry averaged and then weighted according to their variance between patterns. The Na+ PM patterns were scaled and averaged together to yield a set of consensus Na+ PM amplitudes FN(hk). The extracted symmetry averaged amplitudes from each Pb2+ PM pattern were individually scaled to FN(hk) set and subsequently averaged between patterns after weighting according to the variance, to yield a set of consensus Pb2+ PM amplitudes FD(hk). The scaling between two sets of amplitudes F, and F2 was performed by leastsquares minimizing 
Here F, corresponds to FD(hk) or a subset of Pb2+ PM patterns and F2 corresponds to FN(hk) or a subset of Na+ PM patterns, mhk is the figure of merit, and khk the projection phase as determined by Hayward and Stroud (1981) .
The interpretation of a peak or a set of peaks in the difference Fourier map as potential candidates for Pb2+ sites was tested by refining the positions and occupancies of the selected sites by the least squares minimization of
hk (7) where fpb is the calculated structure factor contribution from Pb2+ and the sum is over all independent reflections (Dickerson et al., 1968 (8) then show possible errors and/or extra features (with a better signalto-noise ratio than difference maps) still unaccounted for in the model for the cation sites.
The mean squared error (AAp2) in the difference map was calculated according to the expression (Blundell and Johnson, 1976) (AAp2) = (1/V2) E 0.5 . [AF(hk)]2 hk + aN(hk) + OrD(hk)2, (9) where UN and aD are the standard deviations in FN and FD (Table 2) , AF is the difference amplitude, and the sum is over all reflections used in the synthesis of the map. The standard deviation in the expected noise level is Q = ((AAp2))'/2
All data between 26 and 5 A were used in scaling, averaging, Fourier synthesis, and in refinement of sites.
An absolute scale factor for the native amplitudes was calculated by assuming that the protein occupies 68% of the unit cell and that the average scattering density in the lipid region is 77% of that of the protein (Engelman et al., 1980) . Electron scattering factors were from International Tables for Crystallography, vol. 4.
RESULTS
Statistics of extracted amplitudes
The expected average change in the electron structure factors for the addition of 2 Pb2+ is 10% and is 12% for 3 Pb2+ on the assumption that the protein is a random arrangement of ordered atoms as are the lipid molecules. Neither of these two assumptions is strictly correct because of coherently or repetitively disposed atomic positions in helices and because results from structural analysis of bR (Hayward and Stroud, 1981; Baldwin et al., 1988) and from partially delipidated bR (Glaeser et al., 1985; Tsygannik and Baldwin, 1987) indicate that at least some of the lipid molecules are ordered. This means that the average change in F's are expected to be even lower than the values indicated above, and so it was critically important to minimize all sources of error.
Since Friedel-related reflections are unaffected by twinning and specimen tilt, only those nominally untilted diffraction patterns that had the least noise as assayed by the low values of the residual RF were considered for averaging. 4 Na+ PM patterns and 6 Pb2+ PM patterns were chosen. The statistics for these patterns after detwinning and detilting are given in Table 1 . All except two of the diffraction patterns were essentially untwinned: the amount of twinning in these two were 28.07 (±0.40)% and 1.07(±0.40)%. The Friedel residuals (5% on an average) here are about one half of that observed earlier for native or mercurilated phenyl-glyoxal labeled PM (Katre et al., 1984) and the reduction in noise is essentially due to better signal-to-noise ratio in the diffraction patterns from -25 times larger reconstituted sheets used in this work. The systematic errors in each pattern resulting from errors in evaluating the twinning and tilt parameters and from their contribution to the calculation of corrected amplitudes are represented in the "triplet" residuals RT (Table 1) (Bevington, 1969) calculated from a total of 24 (4 Na+ PM 2.6-3.4 (3.0) 2.7-5.0 (3.5) (7-5 A) 6.3-9.9 (7.6) 6.6-9.5 (6.7)
RTt (26-5 A)
2.9-3.9 (3.4) 3.5-6.5 (4.7) (26--7 A) 1.9-2.5 (2.3) 2.6-5.6 (3.5) (7-5 A) 4.5-6.5 (5. patterns) and 36 (6 Pb2+ PM patterns) observations for the 67 independent reflections (26-5 A).
Fourier difference maps and error analyses
The consensus difference map calculated using the sets of amplitudes FN and FD is shown in Fig. 1 a where the six major refinable sites for cation binding are marked. Fig.  1 b shows that all these six sites are within the protein boundary.
To assess the effects of random errors in the amplitudes in our (Pb2+ -Na+) consensus difference map, we carried out difference Fourier analyses on independent subsets of data. We first looked at the contribution of noise in the Na+ PM and Pb2+ PM data sets. For this purpose we synthesized difference maps between independent subsets of two merged Na+ PM and also between independent subsets of two merged Pb2+ PM data. A typical set of such "noise" maps are shown in Fig. 2 . The ".noise" map synthesized from the Pb2+ PM data shows no distinct features while the "noise" map synthesized from Na+ PM data also is essentially featureless except for two peaks that are closest to, but distinct from, the peak at helix 7 in the consensus difference map in Fig. 1 a. Next we studied Pb2 -Na+ subset difference maps. These are difference maps synthesized from independent subsets of data from two merged Pb2+ PM and two merged Na+ PM data. These independent sets of difference amplitudes showed a high degree of similarity with an average sample correlation coefficient (Hoel, 1984) of 0.64. In Fig. 3 a collection of such subset difference maps contoured at the same density interval as the previous maps are shown. These maps show in general a mutual similarity in the pattern of all significant peaks in strength and their positions, comparable to those seen in Fig. 1 a, (Fig.  I a) are not due to random errors in the amplitudes.
Refinement of the peaks
In order to assess whether a statistically significant peak in Fig. 1 a is a positive peak due to Pb2+ and not due to some structural change in the protein, least-squares refinement of the positions and occupancies of the sites was followed by the calculation of double-difference Fourier maps (Katre et al., 1984 (Katre et al., , 1986 Difference maps between two independent subsets each derived (a) from two merged Na+ PM data sets and (b) from two merged Pb2+ PM data sets. The contour interval is the same as in Fig I a. double-difference map peaks that appeared back at or above 2 Q were noted. Different combinations of peaks that survived this initial refinement were then simultaneously refined, followed again by the calculation of the double-difference maps. Several sets of such calculations revealed that only the peaks marked in Fig. 1 a refined satisfactorily and also were in mutual agreement in the double-difference maps. In Fig. 1 b the final refined positions of the cation-binding sites are indicated relative to the projected electron scattering density of PM. The final double difference map (Fig. 4 ) after the refinement of the peaks marked in Fig. 1 To further test the sensitivity achieved in our consensus difference Fourier map (Fig. 1 a) following analysis on peak 4 which yields the lowest refined occupancy of 0.24 Pb2+. In Fig. 5 a the idealized signal due to 0.24 Pb2+ located at the refined site is shown. Assuming that the random noise in the difference amplitudes follow a normal distribution, we calculated a noise-corrupted set AFF', by adding (or subtracting)
randomly to the idealized set AFpb the experimentally observed noise in IAF1 weighted by a Gaussian based on spline-fitted values of averaged observed noise versus resolution (Fig. 6) and their standard deviations. In Fig.  5 b the map synthesized based on these calculated "noisy" difference amplitudes is shown in which the most intense peak is still seen at the same location but the peak height is reduced by about 22% compared with that for the idealized signal in Fig. 5 a. Thus the signal due to 0.24 Pb2+ can be clearly distinguished from random noise in our consensus difference map. To address the same issue the maps in Fig. 2 , a and b, which describe noise in the Na+ and Pb2+ PM data sets, were further analyzed. At each of the Pb2+ sites cited in Fig. 1 a, the singly-refined occupancies at the corresponding locations in both the noise maps were calculated. The largest values for these occupancies were 0.10 and 0.12 Pb2+ equivalents for the tThe estimated average error in occupancy at a given site is 0.01 Pb2+ equivalent calculated from the least-squares refinement analysis. b FIGURE 5 (a) An ideal difference map, synthesized by adding contributions for 0.24 Pb2+, the lowest refined occupancy deduced from the consensus difference map (Fig. I a) to the observed structure factors for Na+ PM and then generating difference terms AF and (b) corresponding expected noise-corrupted map based on the experimentally determined errors in the amplitudes of both Na+ PM and Pb2+ PM. The ideal peak in a and the noise-corrupted peak in b are shaded. The contour interval is 0.88 ft. maps in Fig. 2, a and b , respectively. By either estimate even the largest noise peak in the "noise" maps translate to less than half the lowest observed occupancy level of 0.24 Pb2+ equivalents in the consensus difference map (Fig. I a) .
Scattering and errors in the consensus data sets In Fig. 6 distinguished from random noise. We had collected data to -4 A for some of the patterns, and a difference map synthesized at 4.5 A (map not shown) showed essentially FIGURE 6 Scattering and errors for the Pb2+ reconstituted PM versus the same set of peaks as the S map (Fig. 1 a) Table  2 . Each point on the graph is for a bin of 12 reflections centered at that average noise levels in the extracted amplitudes were also resolution.
found to increase with resolution.
Previously Katre et al. (1986) from this laboratory synthesized Pb2+ PM -Ca2" PM difference maps from
x-ray powder diffraction data and located partially occu-DISCUSSION pied Pb2+ sites on bR, which were found to be on helices 2, 3, 6, and 7. Our sites (i), (iv), and (v) on helices 7, 3, and We have located Pb2+ binding sites on PM by low-dose between helices 2 and 3, respectively, are close to three of electron diffraction on glucose-sustained single purple the four sites found by Katre et al. (1986) . We find one membrane sheets. There are six major sites located on additional site (vi) on helix 2, and two new sites on helix 4 helices 7, 5, 4, 3, and 2 (nomenclature of Engelman et al., and helix 5. 1980) all of which are partially occupied ranging in Since a ratio of 3 Pb2" to bR was used both in this study occupancy from 0.55 to 0.24 of Pb2+ equivalents with the and in our earlier x-ray work, we discuss below possible total occupancy of 2.01 ± 0.05 compared with the total sources for the differences in the number and locations of titrated amount of 3 Pb2`/bR in the samples used for some of the divalent cation sites in the two investigations. electron diffraction. There are also peaks in the lipid (a) In comparison there were far fewer independent region that do not mutually refine satisfactorily with the observations in the x-ray powder pattern ( scopically, Ca2+ reconstituted (used in x-ray work) and The use of large reconstituted sheets (-5 ,um diam) Na+ reconstituted PM (in this study) appear very similar, which improved the signal-to-noise ratio in our diffraction possible small localized conformational differences at the patterns, the use of a matched-filter algorithm (Spencer cation (Kimura et al., 1984; Zubov et al., 1986; Chang et al., 1986; Ariki and Lanyi, 1986) or by ESR (Du-nach et al., 1986 (Du-nach et al., , 1987 Corcoran et al., 1987 (Chang et al., 1986) . It is not yet clear whether the blue to purple transition effected by cations is due to a neutralization of the negative surface potential, (e.g., on the cytoplasmic surface, where apart from the excess negatively charged residues phospholipids are also assumed to be asymmetrically disposed ), or in addition conformational effects induced by cation binding are also involved. Stoeckenius (1987, 1988) (Ehrenberg and Meiri, 1983; Packer et al., 1984) , these observations probably indicate that specific conformational interactions between surface residues and divalent cations are also present. Indeed, circular dichroism (Kimura et al., 1984) and thermal denaturation (Chang et al., 1986) Asp (36, 38, 102, 104) and 2 Glu (161, 166) residues (see . Selective alterations in side-chain length and charge of these carboxylic acid residues by site-specific mutation will test their involvement in cation binding as well as their possible influence on the blue to purple transition.
An important feature of this present study is that we have demonstrated that we can distinguish in our difference map a signal from about one quarter of Pb2+ ion from random noise. This translates to a change of -1.5 carbon atoms corresponding, for example, to an isomorphous replacement of an Ala to Thr. Thus, the methods described here provide a powerful high resolution assay for structure change that is sensitive at the level of less than two carbon atoms difference. The scheme we describe to extract accurate values of intensities from low-dose electron diffraction patterns by using a matched-filter algorithm, and for correcting these extracted intensities for twinning and specimen tilt, is capable of assessing whether the structural consequences of any given site-directed mutagenic change are localized just to the residue that is the site of substitution or involve large scale movements. In conjunction with spectroscopic studies, a high resolution assay for structural change makes it possible to determine whether an effect on bR function is direct or is a consequence of alteration relayed to the rest of the protein.
APPENDIX
For a P3 lattice in general, three types of twinning operations are possible that combine the structure factor F(hkl) with those for three other twin-related reflections. The three possible twin components are (a) reflections of the type (h + k, k, l) due to patches related by twofolds parallel to (100), (010), or (110); (b) reflections of the type (khl) due to patches related by twofolds parallel to (110), (120), or (210), and (c) reflections of the type (hkl), due to patches related by twofold axis perpendicular to the membrane: these are Friedel related to (hkl) only for untilted two-dimensional crystalline patch (F(hkl) = F(hkl) for I -0). Denoting by Xi, X2, X3, and X4, the fractional volumes of the four twin-related patches and by G the twinned-tilted intensity of the hkz4k reflection we have G = XII(hkz*k) + X2I(h + k, k, z*) + X31(khz*k) + X4I(hkzk), (1) where XA + X2 + X3 + X4= 1.0 withX > .O.
In Eq. 1, I is the untwinned intensity and z* is the reciprocal lattice coordinate normal to the two-dimensional lattice given as Zh* = a* tan O[h sin # + k sin (1 + 600)].
In Eq. 3, 0 is the tilt angle and 4' is the angle between the tilt axis and the a* axis. For small amounts of tilt we can express I(hkz* ) = IO(hk) + ql(hk)zh*k + . . . higher order terms, (4) where 10(hk) is the untilted-untwinned intensity and q*(hk) are the various orders of derivatives of the intensity profile at zh = 0.0. Using Eq. 4 for the various terms in Eq. 1 we get G = (Xi + X4)I°(hk) + (X3 + X2)IO(kh) + T(hk), (5) where the tilt containing term T(hk) is given by T(hk) = z4*(ql(hk)(Xi -X4) + ql(kh)(X3 -X2) + higher-order terms. (6) The three independent twin parameters, the two tilt parameters (0 and O), and K and B, the scale and temperature factors, are obtained by least-squares minimizing the sum H calculated over all reflections to 7 A where H is given by, H =Z(1/chk)2G-[( XI + X4)IO(hk) hk + (X3 + X2)I(kh) + T(hk)] -Kexp (-Bs2)12. (7) In Eq. 7 ahk is the observed standard deviation for the sixfold symmetry mates of the twinned-tilted reflection hk, s is the reciprocal lattice vector, and we approximate the intensities at zero tilt 1°by the values obtained by Hayward and Stroud (1981) from native unreconstituted (untwinned) nominally untilted patches. Also in Eq. 7 the values used for the derivatives qj(hk) were calculated from the three-dimensional tilt data for the set of up to 7-A resolution reflections as used in Katre et al., 1986 . From Eq. 4 we can form the simultaneous equations:
(Xi + X4)IO(hk) + (X3 + X2)IO(kh) + T(hk) = G'(h, k, z*) (8a) (Xi + X4)IO(kh) + (X3 + X2)IO (hk) + T(kh) = G'(k, h, Zkh) . (8b) where G' = G/K exp (-Bs2).
These yield detwinned-detilted intensities J(hk) and also I(kh). For reflections of resolution greater than 7 A (5-7 A), using the knowledge of the already determined tilt parameters to evaluate z* for these reflections and using a linear approximation for the tilt term in Eq. 5, the detwinned-detilted intensity values were extracted after a linear fit to the intensities of the sixfold symmetry related mates.
